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neers and to the manufacturing, railway, mining, constructional, and
industrial interests of the State.

The control of the Engineering Experiment Station is vested in
the heads of the several departments of the College of Engineering.
These constitute the Station Staff and, with the Director, determine
the character of the investigations to be undertaken. The work is
carried on under the supervision of the Staff, sometimes by research
fellows as graduate work, sometimes by members of the instructional
staff of the College of Engineering, but more frequently by investigators
belonging to the Station corps.

The results of these investigations are published in the form of
bulletins, which record mostly the experiments of the Station’s own
staff of investigators. There will also be issued from time to time, in
the form of circulars, compilations giving the results of the experi-
ments of engineers, industrial works, technical institutions, and gov-
ernmental testing departments.

The volume and number at the top of the front cover page
are merely arbitrary numbers and refer to the general publications
of the University of Illinois: either above the title or below the seal is
given the number of the Engineering Expertment Station bulletin or cir-
cular which should be used in referring to these publications.

For copies of bulletins, circulars, or other information address the

ENGINEERING EXPERIMENT STATION,

UrBaANA, ILrniNois.



UNIVERSITY OF ILLINOIS
ENGINEERING EXPERIMENT STATION

.~

Buiremn No. 115 NovEMBER, 1919

THE RELATION BETWEEN
THE ELASTIC STRENGTHS OF STEEL
IN TENSION, COMPRESSION, AND SHEAR

BY
FRED B SEELY

AsSOCIATE PROFESSOR OF THEORETICAL AND APPLIED MECHANICS

AND
WILLIAM J. PUTNAM

ASSOCIATE IN THEORETICAL AND APPLIED MECHANICS

ENGINEERING EXPERIMENT STATION

PUBLISHED BY THE UNIVERSITY OF ILLINOIS, URBANA






I

II.

IIL.

CONTENTS

InTRODUCTION
1. Preliminary
2. Acknowledgment .

MATERIALS, TEST SPECIMENS, AND METHODS OF TESTING .

SNRSHSUNERCS

Materials

Test Specimens
Tension Tests .
Compression Tests
Torsion Tests .

EXPERIMENTAL DATA AND DISCUSSION .

8.
9%
10.
10k

12.
13.

14.
15.

Criteria of Elastic Strength

Shearing Strengths ;

Characteristies of Elastic Shear Faﬂure - .

Ratio of Elastic Shearing Strength to Elastic Tensﬂe
Strength . :

Results' of Earlier Experlments

Ratio of Elastic Tensile Strength to Elastlc Compresswe
Strength . 5

Effect of Direction of Rolhng 3

Summary .

e 3 Y2V eED D)

PAGE

13
13
14

16

16
17
28

33
37

38
39
40






THE RELATION BETWEEN THE ELASTIC STRENGTHS OF
STEEL IN TENSION, COMPRESSION, AND SHEAR

I. InTrRODUCTION

1.  Preliminary.—This bulletin presents the results of experi-
ments with six grades of steel, three carbon steels and three alloy
steels; namely,.soft, mild, and medium carbon steel; and vanadium,
nickel, and chrome-nickel alloy steel. The elastic strength in tension,
in compression, and in shear is given for each of the six grades of
steel. The elastic strength in shear is found from tests in torsion with
solid eylindrical specimens and with thin-walled hollow ecylindrical
specimens. Furthermore, a factor is found by the use of which the true
or correct shearing elastic strength may be calculated from the elastic
strength obtained from a test of a solid specimen. The ratio of this
true elastic shearing strength to the elastic tensile strength is given
for each grade of steel and its bearing on the theory of combined stress *
is discussed. The ratio of thé elastic tensile strength to the elastie
compressive strength is also given and the effect of the amount of
rolling upon the elastic tensile and compressive strengths is disecussed.
The effect of the direction of rolling upon all three elastic strengths
is considered for one of the materials; namely, nickel steel.

Our knowledge of the breakdown of elastic action of duectile
materials, particularly in the case of combined loading, is far from
complete. The various theories of combined stress lead to results
which differ rather widely when applied to various machine parts or
to structural elements, such as thick cylinders, flat plates, crank
shafts, webs of girders, etc. The maximum shear theory of combined
stress for duectile materials as expressed by Guest’s law, which has
gained rather wide acceptance in recent years, assumes that the elastic
shearing strength is one-half of the elastic tensile strength. Available
experimental results, however, have, in general, failed to justify this
assumption. The importance of the limitation iniposed by the shear-
ing stress upon the elastic strength of ductile material is, of course,
generally recognized. If the maximum strain theory holds until the

shearing yield point is reached, as is indicated in recent tests,* it is of

*See Bulletin No. 85, Engineering Experiment Station, University of Illinois, *“Strength
and Stiffness of Steel under Biaxial Loading,” by A. J. Becker.
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speeial importanee to know the relation between the shearing and the
tensile (and compressive) elastic strengths for various grades of duc-
tile and semi-ductile steels. The main object of the investigation
herein recorded was to determine carefully the elastic shearing
strength of duectile and semi-duetile steel and to find the ratio of the
elastic shearing strength to the elastic tensile strength with the hope
that definite information would thereby be obtained on the breakdown
of the elastic action of various grades of steel and on the limits of the
theories of combined stress.

Apart from the problem of combined stress there has been also a
lack of knowledge of the correect elastic shearing strength of various
grades of steel and of the general nature of elastic shearing failure
as well as of methods of determining the correet shearing strength
from tests. -

The facts brought out in conneetion with the elastic compressive
strengths of the various materials tested should also add to our know-
ledge of the elastic behavior of steel and it is felt that questions are
raised which may become of considerable importance. There is some

" evidence indieating that the amount of rolling (roughly indicated by
the thickness of the rolled material) may become an important factor
in the selection of the proper criterion of elastic strength as well as
in estimating the elastic compressive and shearing strengths from a
tension test. This question may be of eonsiderable importance in con-
nection with compression members and with certain cases of combined
stress. It may also have an important bearing on the problem of the
fatigue of steel under repeated stress.

The severe uses under the many and varied new conditions, sueh
as have arisen during the war, and the development of new require-
ments for machine parts have brought out the need for fuller informa-
tion on the physiecal properties of carbon and alloy steel. This bulletin
is presented as a contribution toward filling this need.

2. Acknowledgment.—All of the experimenting was done in
the Laboratory of Applied Mechanies of the University of Illinois.
Acknowledgment is made to Professors A. N. TauBor and H. F. Moors:
for the interest shown and helpful suggestions offered during the in-
vestigation. Some preliminary experimenting had been done by
Professor Moore to determine the merits of various forms of shear
specimens. This work was found to be of considerable value in plan-
ning certain parts of the investigation herein described.
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II.- MaTERIALS, TEST SPECIMENS, AND METHOD OF TESTING

3. Materials.—As already stated, six grades of steel were tested ;
namely, soft, mild, and medium carbon steel, and vanadium, nickel,
and chrome-nickel alloy steel. Chemical analyses were made of the
nickel steel and the chrome-nickel steel only. All of the material
exeept the nickel and the chrome-nickel steel was bought in the open
market. The nickel steel specimens were cut from one of the ends of
the untested riveted-joint test specimens made for the Board of En-
gineers of the Quebec Bridge. (The other riveted-joint specimens
were tested at the University of Illinois and a report of the tests was
made in Bulletin No. 49 of the Engineering Experiment Station.) The
chrome-nickel steel specimens were made from 34-inch square bars of
the same material as that used in the chrome-nickel steel riveted-joint
specimens also described in Bulletin No. 49 referred to above. The
chemical analyses of these two alloy steels as reported in Bulletin No.
49 are given in Table I..

TABLE 1

CueEMIcAL ComPOSITION .OF NICKEL AND CHROME-NICKEL STEEL

Element Nickel Steel Chrome-Nickel Steel

Per Cent Per Cent
CARBEI 5 3% A0 Libo's o ule oo iake fo" (215 AT SHEe P O o 0.258 0.191
SR 5 1 e e e 57 s R o o <oyl e P e S p s . 0.008 0.035
Phosphorus 0.044 0.042
Manganese r 0.700 0.485
NACKAIRNAR R . o S g 5 3.330 0.733
(8110 3111, viv1 RSy © Ot M T T LS8 o s SIS i BBl 18| L B A 0.170

All of the specimens of chrome-nickel steel did not come from the
same bar. Three different bars rolled from the same heat were used.
The medium steel specimens were made from two bars supposed to be
of the same material and billed as 40-point carbon steel. The speci-
mens of each of the other four materials were made from the same bar
or piece. All of the material was hot-rolled only. No cold-rolled
material was used. The specimens of soft steel came from a bar 314
inches in diameter by 20 feet in length. The mild steel specimens and
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also the vanadium steel specimens were cut from a bar 7% inch in
diameter by 16 feet in length ; the nickel steel specimens were cut from
a slab 2 inches in thickness by 714 inches in width. The large soft
steel bar (314 inches in diameter) was used in order to obtain large
torsion specimens as well as small ones.

Although the chemical analysis of all of the materials tested can
not be given, the range of material used is well indicated by the elastic
tensile strengths as given in Table 2. While some of the material
used did not have a well defined yield point, yet all six grades of steel
are considered to be ductile or semi-ductile material since the tensile
fractured area in all cases showed a considerable reduction.

TaBLE 2

Ems'rrc Tm\sxr..m STRENGTHS OF MATEmALs UsEebp

Materials Elastic Strength*
Ib. per sq. in.

X Soft...... e S E A S g 88 S A TR A L S e 21 000
(.J“Sm" M 5 el d R 1t b i S . s Sl e 32 800
DRI . 0. . A AL LTI S NI TI G0 S e e ot 45 000
Vanadium...... ........ P Y ey, o W e e PN Fe e 52 500

'S‘"°3l’ BGOKAL, 7, 55005 Lo A AT 10, e G G 38 000
Fes R AR R T DR SR e S LI 35 300

*Propo;tional limit (;e-ﬁ; E) ;a here used as a measure of the elastic strength.

4. Test Specimens.—Tension, compression, and shear (torsion)
specimens were made from each of the six materials. Both solid and
hollow cylinders were used for the torsion specimens; hollow specimens
of three different wall thicknesses were tested. In general from three
to nine specimens of each type were tested for each material. The
total number of specimens tested was 160, exclusive of a considerable
number used in preliminary tests in perfecting the measuring appar-
atus.” In obtaining specimens from a bar, care was taken to cut the
specimens in rotation s€as to avoid the effects of any systematic varia-
tion in the properties of the material along the bar. In the case of
nickel éteel, specimens were cut from a slab 2 inches thick by 714 inches
wide in such a way that the longitudinal axes of some of the specimens
were parallel to the direction in which the slab was rolled, while the
loﬁgitﬁdinal axes of other specimens were perpendicular to the direc-
tion of rolling. Large torsion specimens both solid and hollow, as
well as small ones, were made from the 31l4-inch bar of soft steel.
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Fic. 1. ForM AND DIMENSIONS OF SMALL TEST SPECIMENS

Fig. 1 gives the dimensions of the small specimens used for all the
materials and Fig. 2 gives the dimensions of the large specimens of
soft steel. Fig 3 shows some of the specimens both before and after
testing and also the apparatus used for measuring the thickness cf
the walls of the small hollow specimens. The length of the small hollow
specimens was limited by the length of the 14-inch hole which could
be drilled through the specimens from one end. The large hollow
specimens were first drilled from both ends and then bored out to the
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VIEW OF SOME OF THE SPECIMENS

Fig. 3.
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desired inner diameter. After the desired inner diameter was obtained,
each specimen, whether small or large, was mounted on a mandrel
and the outside diameter turned down to the required dimension.
The wall thickness of the hollow specimens was measured at four
points, 90° apart, around each of four sections along the length of
the specimens. The outside diameters at each of the four sections
were also taken and the smallest cross section was used in the calcula-
tions. The wall thickness could be read to 0.0001 inch. In the case of
the large hollow specimens the wall thickness was found in the same
way although larger apparatus was required.

5. Tension Tests—The tension test specimens were made with
threaded ends and with a diameter of 14 inch (see Figs. 1 and 2).
A 2-inch gage length was used with all the specimens except those of
soft steel with which a gage length of 8 inches was used. The long
specimens of soft steel were used in order to determine the modulus
of elasticity more accurately than could be done with specimens hav-
ing a 2-inch gage length. The modulus of elasticity or stiffness of the
various materials, however, is not discussed in this bulletin.

All of the tension tests were made in a 100 000-pound Riehle
universal testing machine which had been calibrated over the range
used in these experiments. Spherical seated holders were used in all
of the experiments.

The extensometers used are shown in Fig. 4. The unit-elonga-
tion could be read directly to 0.00025 inch per inch when using a
1/1000-inch Ames dial for a 2-inch gage length, or to 0.000025
inch per inch when using a 1/10 000-inch Ames dial. Both dials
were used but it was found that there was little advantage in using
the more sensitive dial. The unit-elongation could be estimated to
one-tenth of the above values.

6. Compression Tests—The compression test specimens in nearly
all cases were made with a diameter of 34 inch and with a length
of 314 inches to 4 inches as shown in Figs. 1 and 3. A gage length of 2
inches was used in all cases and the deformation measuring apparatus
was the same as that used in the tension tests. Care was taken to
square off the ends of the specimens in the lathe so that they were
smooth and perpendicular to the axis of the specimens. Each speci-
men was carefully eentered in a 100000-1b. Riehle universal testing
machine by means of a templet; spherical seated bearing blocks were
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used. The testing machine had been calibrated over the range used
in these experiments and for a considerable number of tests it was the
same machine as was used for the tension tests. The length of speci-
men used (3% inches to 4 inches) corresponds to a slenderness ratio
value of 19 to 21. In most cases the specimen failed as a flat-ended
column (see Fig. 3). It is felt that with the very careful centering
the real elastic strength of the material was developed in all cases
although the ultimate compressive strength showed considerable varia-
tion.

7. Torsion Tests—After some preliminary study and experi-
menting,( a torsion test of a cylindrical specimen was decided upon
as being the most satisfactory means for determining the elastie shear-
ing strength of the material./ Both solid and hollow cylindrical speei-
mens were used. The small hollow specimen (see Figs. 1 and 3) were
made with three different dimensions of the wall thickness for several
of the materials; namely, 1/32 inch,1/16 inch, and 1/ 8 inch (approxi-
mate dimensions), the nominal inside diameter being 14 inch for each
specimen. A wall thickness of 1/32 inch makes it possible to deter-
mine, very closely, the true elastic shearing strength of the material.

In the case of soft steel, large solid and hollow specimens were
made from the 314-inch bar in addition to the small specimens already
deseribed. These large specimens were 14 inches long with a gage
length of 5 inches and with a length of 8 inches between shoulders.
The diameter, between shoulders, of the first large specimens made
was 27 inches for both the solid and the hollow specimens. [From the
results of the tests, however, it was at first thought that the specimens
were not long enough ; hence one solid specimen was made 20 inches
long and: tested, but the results showed no effect due to the changed
length. |Three solid specimens were then made, 134 inches in diameter,
for which the load on the machine at the yield point would be about
the same as for the hollow specimens. The effect of this change is
discussed later. The Mge hollow specimens were made in two sizes;
namely, with a wall thickness of 14 inch and an outside diameter of
27 inches and with a wall thickness of 3/16 inch and an outside di-
ameter of 254 inches, as shown in Figs. 2 and 3. In testing the former,
plugs had to be fitted into the ends to keep the ends from collapsing
in the grips, while in testing the latter this method was not necessary.
The ratio of the wall thickness of the hollow specimens to the diameter
for the thinner walled specimens is about the same for the large speci-



THE RELATION BETWEEN THE ELASTIC STRENGTHS OF STEEL 15

mens as for the small ones, the value of the ratio being approximately
1 to 20.

All of the large specimens were tested in a 230 000-inch-pound
Olsen torsion testing machine, while the small specimens were tested
in a Riehle hand power pendulum torsion testing machine. A special
light pendulum was used in the Riehle machine for the hollow thin-
walled specimens and special apparatus was made for measuring the
load. Both torsion machines were calibrated carefully.

All of the small specimens from the 314-inch bar of soft steel were
made by first cutting a 14-inch length of the bar longitudinally into
quarters and turning the small specimens from one or more of the
quarters.

The apparatus for measuring the deformation in the torsion tests
is shown in Fig. 4. Both a 1/1000-inch and a 1/10 000-inch dial were
used on each apparatus, so that a considerable range in sensitiveness
was obtained to suit the variations in wall thickness, ete.
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III. EXPERIMENTAL DATa AND Discussion

8. Criteria of Elastic Strength.—Perhaps the best indication of
the elastic strength of a material is the elastic limit ; that is, the greatest
unit-stress which the material can resist without taking a permanent
set. The process of determining the elastic limit, however, is so long
that it was considered impracticable for the purposes of this investiga-
tion.

For the purpose of the comparison of the elastic strengths of
various materials or of the same material under different types of
stress any one of several unit-stresses as represented on the stress-
strain curve may be used. Three such points on the stress-strain
curve are used in this investigation; namely, the proportional limit
(sometimes called proportional elastic limit), the yield point, and a
point between the proportional limit and the yield point called the
semi-elastie point or the useful limit point. It is assumed that elastic
action only takes place until the proportional limit is reached, while
plastic action only occurs at the yield point. Any poéint on the stress-
strain curve between the proportional limit and the yield point cor-
responds to an action in the material which is partly elastic and partly
plastic. Several arbitrary methods have been proposed for conveni-
ently locating such a point. The semi-elastic point or useful limit
point used in this investigation is defined as the unit-stress at which
the rate of deformation is 100 per cent greater than at zero-stress.
This point was used by the Committee of the American Society of Civil
Engineers in the analysis* of the tests of large built-up-columns and
is very similar to Johnson’s apparent elastic limit.} In Fig. 5 the
point U represents the useful limit point which is found by first lay-
ing off KN equal to two times KM and then drawihg a line parallel
to ON tangent to the stress-strain curve, the point of tangency being
U. Fig. 5 also shows the proportional limit and yield point.

In the study of the elastic failure of the materials tested, the three
criteria of elastic strength mentioned above (porportional limit, useful
limit point, and yield point) taken together furnish a safer guide
than any one alone. The elastic strengths of the materials tested as

*Proc. A. S. C. E. Dec,, 1917.
tJohnson: The Materials of Construction, p. 10, 1918,
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TaBLE 4

Resvrrs oF CoMmPRESsION TEsTs

Cage length 2 in. Approximate diameter 3{ in. Length of specimen 314 in. to 4 in. Stress
in lb. per sq. in.

4 Proportional | Useful Limit Yield Ultimate
Material Mark Limit Point Point Strength
Sp S, 8y o
M-C 25 500 25 500 26 200 46 400
M-10 29 000 29 000 29 000 54 000
i M-S 26 000 26 000 27 200 45 000
Soft steel ' M-11 27 000 27 500 29 000 54 200
. . M-T 26 500 26 500 27 000 47 400
M.12 27 000 27 000 28 500 70 000
Average | 26 800 26 800 | 27 800 52 800
4 36 000 36 000 37 000 56 000
8 36 000 36 000 . 36 500 61 000
Mild steel » 12 32 000 32 500 35 000 54 200
16 35 000 . 35 000 35 500 58 700
Average 34 800 34 900 36 000 57 500
4-4 © 37 000 40 OOOV 46 000 80 800
Medium steel . ! 4-8 45 500 45 500 47 000 82 300
Average 41 300 42 800 46 500 81 600
V-4 56 000 57 500 64 000 103 500
V-8 56 000 58 500 64 000 111 500
V-12 56 000 58 500 65 000 96 500
Vanadium steel V-1-0 52 500 55 000 64 000 106 000
V-16 51 000 57 000 63 500 87 000
Average 54 300 57 300 64 100 101 000
P-3 42 000 46 000 49 000 65 200*
: P-4 42 500 47 000 50 500 99 500
Nickel steel. Stress parallel" P-C 36 000 40 000 48 500 79 000
to direction of rolling PD 37 000 38 000 48 500 86 600
Average 39 400 42 800 49 100 88 400
C-A 38 500 43 000 47 500 89 500
C-B 38 500 41 500 48 000 95 200
Nickel steel Stress perpen- C-4 38 500 40 500 50 000 92 500
dicular to direction of roll- C-5 37 500 40 000 50 000 71 0001
ing C-6 40 500 41 500 50 000 61 000t
" T Average | 38700 | 41300 49100 | 92 400
L-3 36 500 37 500 41 000 63 400
L5-1d 39 000 39 000 40 000 70 200
5-E 37 600 37 600 38,500, <55l )
Chrome-nickel steel L-8 35 500 36 500 39 000 65 700t
8-H 37 000 37 000 3BUHNON=| DS Then 3
L5-2d 4Q 000 40 000 40 500 57 8001
Average | 37 600 37 900 39 600 64 300

*One end crushed. T Both ends crushed.
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TaBLE 5—(CONTINUED)

ResurLts oF TorsioN TEsTs

Stress in 1b. per 8q. in. d =approximate outside diameter in inches.

t =approximate wall thickness in inches.

! =gage length in inches.

5 Type of Proportional | Useful Limit Yield Modulus of
Material Specimen Mark Limit Point Point Rupture
Sp Se Sy Sr
14 22 700 22 700 23 800 63 400
Solid 2 22 200 22 200 24 200 60 200
d=5 6 24 200 24 200 24¢300) | NI e
10 22 300 22 300 334300/ B[N S8
Average 22 900 22 900 23 900 61 800
Hollow H 21 000 21 000 215000 HEIN=S"
y d=0.8 K 21 000 21 000 2TH 00D | et
8 t=1% T, 20 900 20 900 20 900 57 000
g4 N 21 200 21 200 21 200 57 200
\lnN
ot Average 21 000 21 000 21 000 57 100
&8 Hollow 1 22 600, | 22 600 93 600 47 600%
3y d=3 5 20 500 20 500 2251000 SRR
£ t=Ye 9 20 600 20 600 2280001 | e Y
O 13 21 600 21 600 3330005 [ SRR
= Average 21 300 21 300 22900 | ......
Hollow A 20 000 20 000 21 800 55 000f
d=0.56 B 20 100 20 100 21 400 33 000*
t=14, © 19 200 19 200 20 500 | ...
D 19 800 19 800 20500 | ......
E 19 400 19 400 RTT200 | I N
Average 19 700 19 700 208100 24[1% . SUAN:
Solid 4-2 30 900 31 600 33 800 79 300
g d=5 4-6 31 800 31 800 33 800
oy
{?,% Average 31 400 31 700 33 800 TR
g
55 Hollow 4-1 27 100 27 600 29 300 56 500%
E‘S d=5 4-5 26 600 27 400 29 700 69 200%
<
O t=%e Average 26 900 27 500 298500" ISR

*Collapsed.

TSheared, rod filled center.
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-

Stress in lb. per 8q. in. d =approximate outside diameter in inches.

TABLE 5—(CONTINUED)
Resurts oF TorsioNn TEsTs

t =approximate wall thickness in inches.
I =gage length in inches.

5 Type of Proportional | Useful Limit Yield Modulus of
Material Specimen Mark Limit Point Point Rupture
Sp Se Sy Sy
Solid c-1 22 800 25 800 36 400 72 000
w c-2 25 700 27 400 3680 | ......
2 d=5% Cc-3 26 000 270600 ([ 2. 77 500
= |1
& Average 24 800 26 900 36 600 74 800
= ’
p £ Hollow C4 27 000 27 000 35 800 64 000F
= 2 d=5% C-5 23 500 23 500 344000 |[F RS
2 £ t=14g C-6 22 300 26 700 35 300 73 500
- =1
g 2 Average 24 300 25 700 35 200% | ..... .
& % Hollow C-5d 21 000 23 300 34 200
5] 1 C-6d 21 500 .24 800 34 200
) d=0.56 C-1d 23 900 24 400 34 800
o 2 C-3d 22 300 24 000 36 200
- & t=14s C-4d 21 000 23 500 35 500
= 7] Cc-2d 22 300 25 700 36 000
o
™ Average 22 000 "| 24 300 35200% | ......
=}
= Solid P4 26 000 28 000 36 500 77 100
g 8 d=5% P-5 26 000 30 000 40500 | ......
Qo Ee]
el 26 000 29 000 38 500% | ...
§ s
= 8 Hollow P-6 24 400 28 200 41 500 75 000%
3 s d=34 P-7 24 200 27 200 37 000 76 000
S e
z S8 t=1gq Average 24 300 27 700 39 200% | ......
43
& Hollow P-8 Spoiled in [testing
g d=0.56 P-9 20 900 23 700 32 100 [0
= t=14, P-10 20 600 23 400 31500 | ......
8 P-11 20 100 23 400 3220 | ..... .
5
£ + Average 20 500 23 500 32 000% | ..... .
Solid 1.3-2d 24 100 24 700 2653005 1| e ptt
L3-1d 22 800 24 500 BTA0G0M ||| EARE
= d=3% 5 24 100 25 200 28 000 62 200
g.s L8 25 200 26 200 27 200 P
N
%?g Average 24 100 25 200 27 400
oH
g2 - Hollow L8 23 800 23 800 24 800 51 2001
=) d=5% L5 22 300 22 300 235600 [N L%
&8 t=14¢ L3 22 300 22 300 24 300 51 600t
(&)
Average 22 800 22 800 - 24 200 o

*Yield point not well defined.

1 Collapsed.

1Sheared, rod filled center.
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tests of solid specimens, the elastic strength being indicated by each
of the three criteria; namely, proportional limit, useful limit point,
and yield point. The résults in Tables 6 and 7 justify the following
conclusions :

(a) The shearing proportional limit and also the useful
limit point obtained from tests with thin-walled hollow cylind-
rical torsion specimens is eight-tenths to nine-tenths (0.8 to 0.9)
of the proportional limit found from solid cylindrical specimens
of the same material and a value of eighty-five hundredths (0.85)
may be taken with reasonable aceuracy for the ratio of the elastic
shearing strength found from thin-walled hollow specimens to
the similar strength obtained from solid specimens. ’

(b) The yield point obtained from hollow thin-walled tor-
sion specimens is eighty-five hundredths to nine-tenths (0.85 to
0.9) of the yield point found from solid eylindrical torsion speci-
mens of the same material. This result applies, of course, only
to the materials which have a well defined yield point.

The elastic shearing strength (S,, S¢, and S, in Table 5) was cal-
culated in each case from the usual formula, S=£Jq in which 7 is the
twisting moment (inch pounds), J is the polar moment of inertia
(inch*), and ¢ is the radius of the specimen (inch).

By making use of the conclusions stated above a solid eylindrical
torsion specimen may be used with considerable confidence to obtain
test results from which the true elastic shearing strength may be cal-
culated for steel likely to be used in general structural or machine
construction, although the character or development of the elastic
breakdown may be obscured in the test of a solid specimen, as is dis-
cussed in the next section. The test results from a solid specimen
may -also be used, of course, to judge of the general properties, qual-
ity, and reliability of the material.

The correct value of the ultimate shearing strength of a material
can not be obtained, of course, from a torsion test of a solid specimen,
although the modulus of rupture, for many purposes, is a satisfactory
indication of the general quality of the material and of the shearing
resistance against rupture. It is difficult also to determine the ulti-
mate strength from a thin-walled hollow torsion specimen because the
specimen fails by collapsing (see Fig. 3). An attempt was made to
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prevent collapsing by filling the core of the hollow cylindrieal speci-
men with a elose (but not tight) fitting rod. It was found, however,
that torque was transmitted to the rod. Two rods were then used, one
extending in from each end, with somewhat better results. Although
the results given in Table 5 on this point are not sufficient for definite
conclusions, they indicate that the true ultimate shearing strength is
from eight-tenths to nine-tenths (0.8 to 0.9) of the modulus of rup-
ture as obtained from a test of a solid eylindrical torsion specimen.

It will be noted that in the case of the large torsion specimens of
soft steel there seems to be some inconsistency in the results as given
in Table 5. For instance, the proportional limit and the useful limit
point is less for the large solid specimens than for the hollow speci-
mens; these results are contrary to the above conclusions. It was
found that binding occurred at the collar of the roller bearing of the
stationary head of the torsion machine, particularly at the relatively
large twisting moments required for the large solid specimens. This
defect was remedied and the diameter of the remaining solid speei-
mens was reduced to 134 inches so as to use about the same load range
on the machine as was used with the hollow specimens. The results,
therefore, of the tests with the large solid specimens (dlameter 275
inches) are not considered further.

The test results of all the small torsion specimens and also of the
large specimens of soft steel show that the wall thickness must be thin
to obtain the correct elastic shearing strength of the material. The
wall thickness of the medium carbon steel and of the chrome-nickel
steel specimens was 1/16 inch. From the torsion tests of the other
materials in which both 1/16-inch and 1/32-inch wall thickness were
used, it appears that the correct shearing strength of the medium steel
and the chrome-nickel steel is from 5 to 10 per cent lower than that
given in Table 6. The ratios as given in Table 7 for these two mater-
ials are, therefore, probably somewhat too large.

10. < Characteristics of Elastic Shear Failure.—Duectile steel rods
or specimens from rolled shapes (any specimens from pieces which
have been worked considerably in the forming process) when tested in
tension, show a rather sudden or abrupt elastic breakdown culminat-

ing in a well defined yield point. Steel which has not been worked
* much, such as the interior material of large rolled bars, does not show
such a sudden failure but gives a more gradual curve for the stress-
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ing, have often been used to explain the elastic tensile failure as really
a shear failure over an inclined section. And since in a tension test
the maximum shearing unit-stress over a section inclined at 45° is one-
half of the tensile unit-stress, it has been urged that the elastic shear-
ing strength may best be found from a tension test.)Before discussing
the experimental data from which the ratios between the elastic shear-
ing and tensile strengths have been found (see next section), it will
be well to examine the general character of the elastic shear failure
as indicated by the stress-strain diagrams of the thin-walled hollow
torsion specimens. From Figs. 6 to 9 which are representative and
typieal stress-strain diagrams for some of the materials, it will be
noted that in most cases the shearing breakdown of elastic action of
the various materials is very gradual. In fact, in most cases, it is
more gradual than the failure of the elastic action in a tension speci-
men. It seems difficult, therefore, to account for a tensile elastic
breakdown as a failure due to shear, or to have confidence in the use
of a tension test for the determination of the elastic shearing strength
except for an approximate value. It will also be observed that the
solid torsion specimens show a more abrupt elastic failure than a
hollow thin-walled specimen of the same material ; this fact indicates
that the proportional limits of the outer fibers have been somewhat
exceeded before a deviation of the stress-strain diagram from a
straight line can be detected. This has already been discussed in
the section on Shearing Strength. The stress-strain diagrams for
the medium carbon steel and for the nickel and chrome-nickel steel
(not shown) indicate the same characteristics as are shown in Figs.
6 to 9. It appears, therefore, that, contrary to the usual assumption,
the shearing breakdown of elastic action of duectile and semi-duectile
steel is more gradual than the eorresponding tensile or compressive
failure.

11. Ratio of Elastic Shearing Strength to Elastic Tensile
Strength.—Table 8 gives the ratios of the elastiec shearing strengths to
the elastic tensile strengths for the various materials tested, the elastic
strengths being indicated by the proportional limits, the useful limit
points, and the yield points. It will be noted from a study of Table 8
that the shearing proportional limits of most of the steels tested are
from fifty-five to sixty-five hundredths (0.55 to 0.65) of the tensile
proportional limits and that the same statement may be made in the
case of the useful limit points. The two materials for which the ratio
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varies most from the average are the soft steel (large specimens) and
the vanadium steel. Owing to the fact that the tension specimens of
soft steel were made by quartering a 14-inch length of the 31l5-inch
bar, they contained much of the inner or ‘‘heart’’ material of the
large bar, while the large hollow specimens contained none of the
“‘heart’’ material. It is doubtful, therefore, whether the tension speci-
mens should be considered as of the same material as the large hollow
specimens. Greater variation also was noted in the test results with the
soft steel specimens than with the other materials (see section 13 for
further discussion). In connection with the vanadium steel it should
be stated that due to the greater hardness of the vanadium steel, it
was more difficult to produce a smooth hole in drilling out the center
of the hollow specimens of this material than of the softer materials.
The wall thickness as measured, therefore, may be slightly too large,
because the grooves or tool marks were, perhaps, not properly taken
into account, If this statement is true, the values of the ratio for
vanadium steel are somewhat too small. This statement may also ex-
plain the somewhat greater variation in the values of elastic strengths
obtained from the thin-walled (1/32 inch thick) vanadium specimens
than in those obtained from the corresponding specimens of most of the
other materials. It may also account for the greater difference be-
tween the results obtained with 1/32-inch and 1/16-inch wall thick-
nesses for vanadium steel than for the other steels. It is possible, how-
ever, that the ratio for vanadium steel is somewhat lower than for the
other steels tested. .
‘With these facts in mind it is felt that a study of Table 8 justifies
the conclusion that the elastic shearing strength of steel likely to be
used in general construction of machines or structures is close to six-
tenths (0.6)* of the elastic tensile strength, instead of one-half (0.5) of
the elastic tensile strength as assumed in the maximum shear theory of
combined stress as expressed by Guest’s law. In other words, ductile
or semi-ductile steel will not suffer elastic breakdown when the shear-
ing unit-stress developed is one-half of the elastic tensile strength of
the material; hence the field in which the maximum strain theory
may hold is not as limited as would be the case if the elastic shearing
strength were one-half of the tensile strength. The influence of this
fact upon the design of machines or structures under combined load-
ing such as thick eylinders, flat plates, erank shafts, girders, ete., can

*The value of six-tenths is also found by Becker with biaxial loading, see Bulletin No.
85, p. 43, Engineering Experiment Station, University of Illinois.
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not be discussed here. It makes possible more efficient and economical
_use of material, under certain conditions, than would be the case if the
shearing strength were one-half of the tensile strength.

12. Results of Earlier Experiments.—Results of tests of various
grades of steel in simple tension and simple torsion made by Platt and
Hayward, by L. B. Turner, and by E. L. Hancock are given in
Table 9. Platt and Hayward used solid bars 114 inches in diameter for
both tension and torsion tests. The yield point as found by the drop
of the beam was used as the elastic strength for both tension and tor-
sion. Two specimens in tension and three in torsion were used for each
material. Initial strains were first taken out by repeated loadings.
Considering the method of determining the elastic strength and the
fact that the elastic strength was of secondary importance in the in-
vestigation, the results for the ratios of the elastic strengths in torsion
and in tension as found by Platt and Hayward (Table 9) agree well
with the values of the same ratio as herein recorded (Table 8).

In the tests by Turner the specimens of mild steel with 0.15 per
cent C. were made from annealed weldless steel tubes with an outside
diameter of 1 inch and wall thickness of 0.022 inch (No. 24 B.W.G.)
for both tension and torsion tests. The wall thickness was not measured
for each specimen but an average thickness was determined for twelve
short (1 inch) portions cut from three tubes taken at random. The
mean thickness was found by first weighing the portions in air and
then in water. There was considerable variation in thickness from
point to point around a section of a eut portion; in some cases an
eccentricity was perceptible to the naked eye. Considerable variation
in thickness was shown among the results of the individual specimens.
Twenty-one specimens of this particular material were tested.

The specimens for the other three materials tested by Turner were
solid 34-inch rods for the tension tests and 34-inch rods turned down
to 0.33-inch diameter for a length of 314 inches for the torsion tests.
The number of specimens was much less than for the steel tubing. All
of the specimens were annealed. Nickel steel specimens showed the
greatest variation in the results of the individual specimens.

The yielding of all the specimens was very sudden. In all cases
the proportional limit and the yield point coincided. This result is
quite contrary to the results found in the tests which have already
been explained in this bulletin.
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When the method of determining the wall thickness of the hollow
specimens, the small size of the solid torsion specimens, and the differ-
ence in the method of experimenting are considered, the ratios of the
elastic strengths in torsion and in tension as found by Turner (Table
9) are in fair agreement with the values of the same ratio as found
from the tests herein deseribed (Table 8).

The results of the tests by Hancock show considerable variation.
No description of the material is given other than its name in Table 9
and nothing is stated as to the kind or number of specimens used or
the method of testing exeept that the proportional limit was used as
a measure of the elastic strength. The results indicate a fair agree-
ment with the results herein recorded for most of the materials, al-
though the low values for the ratio of shear (torsion) to tension for
some of the materials is not found by any of the other experimenters.

The values for the ratio of the elastic strengths in tension and in
shear as indicated in tests with combined loading have not varied much
from 0.6. Becker* found values of 0.59 and 0.62 for two grades ot
steel tubing. Scoble’st tests are the only ones which indicate that the
ratio is less than 0.5 and his criterion of elastic strength and method
of experimenting seem somewhat unusual.

A study of the earlier experiments discussed above bear out, in the
main, the conclusions already stated for the results presented in this
bulletin ; namely, that the elastic shearing strength of ductile and semi-
ductile steel varies but little from six-tenths (0.6) of the elastic tensile
strength.

13. Ratio of Elastic Tensile Strength to Elastic Compressive
Strength.—The elastic strength in tension and in compression for
ductile steels is usually considered to be the same. This assumption is
sufficiently accurate for many purposes. In the problems of combined
stress and in built-up compression members, however, it is important
to know accurately the relation between the elastic tensile and com-
pressive strengths and particularly to know how the strengths are
affected by mechanieal treatment of the steel such as the amount of
working during the rolling process. Tables 6 and 8 indicate that the
elastic compressive strength of ductile steel is somewhat greater than
the elastic tensile strength except in the case of soft steel. It is clear
from a study of Table 8 that the amount of working or rolling has a

*Bulletin No. 85, Engineering Experiment Station, University of Illinois.
tPhilosophical Magazine, May, 1906.
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marked effect upon the elastic tensile and compressive strengths of
steel. Table 8 indicates that steel which has been rolled into com-
paratively thin plates or small shapes has an elastic compressive
strength approximately 5 per cent greater than the elastic tensile
strength whether the elastic strength is judged from the proportional
limit, useful limit point, or yield point. In the case of soft steel from
the 314-inch bar which represents material with relatively little work-
ing in the rolling process, the compressive proportional limit is much
greater (27 per cent) than the tensile proportional limit, while the
yield point in compression is somewhat less (4 per cent) than the
yield point in tension (see Fig. 6 and Table 8). It appears, there-
fore, that the criterion of elastic strength may be of much importance,
that the tension test so generally used to judge of the elastic properties
of steel is not wholly reliable, and that it may be necessary to resort to
auxiliary compression tests for material to be used under certain
conditions of combined stress and for critical compression members,*
at least, until test results and the treatment received by the material
can be correlated through more extensive experimental investigations.
To what extent the increased compressive strength due to rolling may
be attributed to ecompacting, causing a denser material, or attributed
to the arrangement of the crystals of the constituent elements in steel
or to other factors is not definitely known. The problem offers op-
portunity for fruitful experimental work. It was noted that the
breakdown of elastic action in eompression is fully as gradual as that
of the corresponding tensile failure (in most cases more so) except
in the case of soft steel. This fact suggests that compacting of steel
may be an important factor in determining its strength. The maximum
shear theory (Guest’s law) of the breakdown of elastic action assumes
that the elastic tensile and compressive strengths are the same. The
results of Table 8 give further evidence that Guest’s law is not an
accurate interpretation of the elastic failure of all ductile steel.

14. Effect of Direction of Rolling—It is generally recognized
that the direction of rolling of hot-rolled steel influences the grain or

*In the tests of large built-up columns conducted by Bureau of Standards for the Com-
mittee on Steel Columns and Struts of the American Society of Civil Engineers, (see Proc.
A. 8. C. E. Dec.,, 1917) it was found that the columns built up of ¥%-inch to 7%-inch
material showed a considerably lower strength in most cases than those of %-inch material.
Compressive tests on specimens sawed from the thick portions showed a decrease in the com-
pressive yield point of 6000 pounds per square inch as compared with the tensile yield ~
point of the same material, while the compressive yield point of specimens sawed from the
thin portions was nearly the same as the tensile yield point.
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crystal growth or formation, by making the grains or erystals longer
in the direction of rolling. It is usually assumed, however, that the
elastic strength of the material is not affected by the direction of roll-
ing or, in other words, that the elastic strength is the same in all direc-
tions. Some experimental results were obtained on this point in the
case of nickel steel. As already stated the specimens of nickel steel
were cut from a rolled slab 2 inches thick by 714 inches wide. From this
slab some specimens were cut with their longitudinal axes parallel to
the direction of rolling and others with their axes perpendicular to
the direction of rolling. Specimens whose axes are parallel to the
direction of rolling, when tested in torsion, develop shearing stress
perpendicular to the direetion of rolling and when tested in tension
and compression, of course, develop stress parallel to the direction
of rolling, while the reverse is true for the specimens whose axes are
perpendicular to the direction of rolling.

The results given in Tables 3, 4, 5, and 6 for nickel steel, although
not entirely consistent, fail to indicate any systematic influence of
the direction of rolling on the elastie strength of the material either for
tension, compression, or shear. However, the ductility as measured by
the ultimate tensile elongation and reduction of area shows a marked
effect of the direction of rolling. The effect on the duetility is also very
noticeable in the appearance of the fracture. While the values given
in Table 8 for nickel steel seem to indicate some effeet of direction of
rolling, a study of the more detailed data in Tables 3 to 6, reveals littie
if any effect on the elastic strength. The ultimate strengths in ten-
sion, in compression, and in shear also show no influence of the direc-
tion of rolling. Whether much thinner material such as used for
boiler plates, rolled sections, ete., would show more effect of the diree-
tion of rolling is not known.

15. Summary.—The severe uses to which carbon and alloy steels
are put in some phases of engineering, as for example, in automobile
and in aeroplane construction, have developed a need for more detailed
knowledge of the action of steel, both within and beyond the elastic
limit, under various types of stress, as well as of the factors which
affect the physical properties of the material. This need, in time, may
require some modifications in the tests of the materials and in the
methods of interpreting the tests. The following brief summary of
the chief points brought out by this investigation are offered as a con-
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fribution toward filling part of this need. The conclusions apply to
hot-rolled carbon and alloy steels which are representative of those
likely to be used in general structural and machine construetion.

(1) The correct value of the elastic shearing strength of
steel as measured by the proportional limit or the useful limit
point may be determined from a torsion test of a hollow thin-
walled cylindrical specimen. The correct value of the yield
point in shear is also shown in the test of a hollow thin-walled
torsion specimen.

(2) The correet value of the elastic shearing strength of
steel as measured by the proportional limit or the useful limit
point may be taken, with reasonable accuracy, as eighty-five
hundredths (0.85) of the elastic strength obtained from a tor-
sion test of a solid eylindrical specimen. The correct value of
the yield point for the more ductile materials is slightly more
than eighty-five hundredths (0.85) of the yield point obtained
from a test of a solid torsion specimen.

(3) A solid cylindrical torsion specimen, therefore, may be
used to obtain test results from which the correct value of the
elastic shearing strength and the shearing yield point of steel
may be calculated by the use of a correction factor, although the
character or progress of the breakdown of the elastic action may
be obscured in the test of the solid specimen. Test results ob-
tained from a solid specimen may also be used, of course, to
judge of the general properties, quality, and reliability of the
material.

(4) The correct value of the elastic shearing strength of
steel as measured by the proportional limit or the useful limit
point is from fifty-five to sixty-five hundredths (0.55 to 0.65) of
the elastic tensile strength and may be taken with reasonable
accuracy as six-tenths (0.6) of the elastic tensile strength. The
maximum shear theory of the failure of elastic action of ductile
steel (sometimes called Guest’s law) is, therefore, not an accu-
rate statement of the law of elastic breakdown, since Guest’s
law assumes that the elastic shearing strength is one-half (0.5)
of the elastic tensile strength. The maximum shear theory as
expressed by Guest’s law, however, is of much use in obtaining
approximate results.
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tillation, by S. W. Parr and C. K. Francis. 1908. Thirty cents.

Bulletin No. 25. Lighting Country Homes by Private Electric Plants, by
T. H. Amrine. 1908. Twenty cents.

Bulletin No. 26. High Steam-Pressure in Locomotive Service. A Review of a
Report to the Carnegie Institution of Washington, by W. F. M. Goss. 1908.
Twenty-five cents.

Bulletin No. 27, Tests of Brick Columns and Terra Cotta Block Columns, by
Arthur N. Talbot and Duff A. Abrams. 1908. Twenty-five cents.

Bulletin No. £8. A Test of Three Large Reinforced Concrete Beams, by
Arthur N. Talbot. 1908. Fifteen cents.

Bulletin No. 29. Tests of Reinforced Concrete Beams: Resistance to Web
Stresses, Series of 1907 and 1908, by Arthur N. Talbot. 1909. Forty-five cents.

Bulletin No. 30. On the Rate of Formation of Carbon Monoxide in Gas Pro-
ducers, by J. K. Clement, L. H. Adams, and C. N. Haskins. 1909. Twenty-five
cents.

Bulletin No. 81. Tests with House-Heating Boilers, by J. M. Snodgrass. 1909.
Fifty-five cents.

Builetin No. 32. The Occluded Gases in Coal, by S. W. Parr and Perry
Barker. 1909. Fifteen cents.

Bulletin No. 33. Tests of Tungsten Lamps, by T. H. Amrine and A. Guell.
1909. Twenty cents.

*Bulletin No. 34. Tests of Two Types of Tile-Roof Furnaees under a Water:
Tube Boiler, by J. M. Snodgrass. 1909. Fifteen cents.

*A limited number of copies of bulletins starred are available for free distribution.
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] "%ullctin No. 35. A Study of Base and Bearing Plates for Columns and
Beams, by N. Clifford Ricker. 1909. Twenty cents.
Bulletin No. 36. The Thermal Conductivity of Fire-Clay at High Temper-
atures, by J. K. Clement and W. L. Egy. 1909. Twenty cents.
Bulletin No. 37. Unit Coal and the Composition of Coal Ash, by 8. W. Parr
and W. F. Wheeler. 1909. None available.
Bulletin No. 38. The Weathering of Coal, by S. W. Parr and W. F. Wheeler.
1909. Twenty-five cents.
*Bulletin No. 39. Tests of Washed Grades of Illinois Coal, by C. S. McGovney.
1909. Seventy-five cents.
Bulletin No. 40. A Study in Heat Transmission, by J. K. Clement and C. M.
Garland. 1909. Ten cents.
Bulletin No. 41. Tests of Timber Beams, by Arthur N. Talbot. 1909. Thirty-
five cents.
*Bulletin No. 42. The Effect of Keyways on the Strength of Shafts, by Her-
bert F. Moore. 1909. Ten cents.
Bulletin No. 43. Freight Train Resistance, by Edward C. Schmidt. 1910.
Seventy-five cents.
Bulletin No. 44. An Investigation of Built-up Columns under Load, by
Arthur N. Talbot and Herbert ¥. Moore. 1910. Thirty-five cents.
*Bulletin No. 45. The Strength of Oxyacetylene Welds in Steel, by Herbert
L. Whittemore. 1910. Thirty-five cents.
Bulletin No. 46. The Spontaneous Combustion of Coal, by S. W. Parr and
F. W. Kressman. 1910. Forty-five cents.
*Bulletin No. 47. Magnetic Properties of Heusler Alloys, by Edward B.
Stephenson. 1910. Twenty-five cents.
*Bulletin No. 48. Resistance to Flow through Locomotive Water Columns, by
Arthur N. Talbot and Melvin L. Enger. 1911, Forty cents.
*Bulletin No. 49. Tests of Nickel-Steel Riveted Joints, by Arthur N. Talbot
and Herbert F. Moore. 1911. Thirty cents.
*Bulletin No. 50. Tests of a Suction Gas Producer, by C. M. Garland and
A. P. Kratz. 1911. Fifty cents.
Bulletin No. 51. Street Lighting, by J. M. Bryant and H. G. Hake. 1911.
Thirty-five cents.
*Bulletin No. 52. An Investigation of the Strength of Rolled Zine, by Herbert
F. Moore. 1911. Fifteen cents.
*Bulletin No. 53. Inductance of Coils, by Morgan Brooks and H. M. Turner
1912. Forty cents.
Bulletin No. 54. Mechanical Stresses in Transmission Lines, by A. Guell.
1912. Twenty cents.
*Bulletin No. 65. Starting Currents of Transformers, with Special Reference
to Transformers with Silicon Steel Cores, by Trygve D. Yensen. 1912. Twenty
cents.

*A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 56. Tests of Columns: An Investigation of the Value of Con-
crete as Reinforcement for Structural Steel Columns, by Arthur N. Talbot and
Arthur R. Lord. 1912. Twenty-five cents.

*Bulletin No. 57. Superheated Steam in Locomotive Service. A Review of
Publication No. 127 of the Carnegie Institution of Washington, by W. F. M
Goss. 1912. Forty cents.

*Bulletin No. 58. A New Analysis of the Cylinder Performance of Reciprocat-
ing Engines, by J. Paul Clayton. 1912. Sixty cents.

*Bulletin No. 59. The Effect of Cold Weather upon Train Resistance and
Tonnage Rating, by Edward C. Schmidt and F. W. Marquis. 1912. Twenty cents.

Bullctin No. 60, The Coking of Coal at Low Temperature, with a Preliminary
Study of the By-Products, by S. W. Parr and H. L. Olin. 1912. Twenty-five cents.

*Bulletin No. 61. Characteristics and Limitation of the Series Transformer,
by A. R. Anderson and H. R. Woodrow. 1912. Twenty-five cents.

Bulletin No. 62. The Electron Theory of Magnetism, by Elmer H. Williams.
1912, Thirty-five cents.

Bulletin No. 63. Entropy-Temperature and Transmission Diagrams for Air,
by C. R. Richards. 1913. Twenty-five cents.

*Bulletin No. 64, Tests of Reinforced Concrete Buildings under Load, by
Arthur N. Talbot and Willis A, Slater. 1913. Fifty cents.

*Bulletin No. 65. The Steam Consumption of Locomotive Engines from the
Indicator Diagrams, by J. Paul Clayton. 1913. Forty cents.

Bulletin No. 66. The Properties of Saturated and Superheated Ammonia
Vapor, by G. A. Goodenough and William Earl Mosher. 1913. Fifty cents.

v Bulletin No. 67. Reinforced Concrcte Wall Footings and Column Footings,
by Arthur N. Talbot. 1913. Fifty cents.
Bulletin No. 68. The Strength of I-Beams in Flexure, by Herbert F. Moore.
1913. Twenty cents.
Bulletin No. 69. Coal Washing in IHinois, by F. C. Lincoln. 1913. Fifty
cents.

Bulletin No.70. The Mortar-Making Qualities of Illinois Sands, by C. C.
Wiley. 1913. Twenty cents.

Bulletin No. 71. Tests of Bond between Concrete and Steel, by Duff A.
Abrams. 1913. One dollar.

*Bulletin No. 72. Magnetic and Other Properties of Electrolytic Iron Melted
in Vacuo, by Trygve D. Yensen. 1914. Forty cents.

V' Bulletin No. 78. Acousties of Auditoriums, by F. R. Watson. 1914. Twenty
cents. { -

*Bulletin No. 74. The Tractive Resistance of a 28-Ton Electric Car, by Harold
H. Dunn. 1914, Twenty-five cents.

Bulletin No. 75. Thermal Properties of Steam, by G. A. Goodenough. 1914.
Thirty-five cents.

+*A limited number of copies of bulletins starred are available for free distribution.
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Bulletin No. 76. The Analysis of Coal with Phenol as a Solvent, by 8. W.
Parr and H. F. Hadley. 1914. Twenty-five cents.

*Bulletin No. 77. The Effect of Boron upon the Magnetic and Other Prop-
erties of Electrolytic Iron Melted in Vaeuo, by Trygve D. Yensen. 1915. Ten
cents. ; g

Bulletin No. 78. A Study of Boiler Losses, by A. P. Kratz. 1915. Thirty-
five cents.

*Bulletin No. 79. The Coking of Coal at Low Temperatures, with Special Ref-
erence to the Properties and Composition of the Products, by S. W. Parr and
H. L. Olin. 1915. Twenty-five cents.

V" Bulletin No. 80. Wind Stresses in the Steel Frames of Office Buildings, by
W. M. Wilson and G. A. Maney. 1915. Fifty cents.

Bulletin No. 81. Influence of Temperature on the Strength of Concrete, by
A. B. McDaniel. 1915. Fifteen cents. 4

Bulletin No. 82. Laboratory Tests of a Consolidation Locomotive, by E. C.
Schmidt, J. M. Snodgrass, and R. B. Keller. 1915. Sizty-five cents.

*Bulletin No. 83. Maguetic and Other Properties of Iron-Silicon Alloys,
Melted in Vacuo, by Trygve D. Yensen. 1915. Thirty-five cents.

Bulletin No. 84. Tests of Reinforced Concrete Flat Slab Structures, by
Arthur N. Talbot and W. A. Slater. 1916. Sizty-five cents.

*Bulletin No. 85. The Strength and Stiffness of Steel under Biaxial Loading,
by A. J. Becker. 1916. Thirty-five cents.

Bulletin No. 86. The Strength of I-Beams and Girders, by Herbert F. Moore
and W. M. Wilson. 1916. Thirty cents.

V *Bulletin No. 87. Correction of Echoes in the Auditorium, University of Illi-
nois, by F. R. Watson and J. M. White. 1916. Fifteen cents.

Bulletin No. 88. Dry Preparation of Bituminous-Coal at Illinois Mines, by
E. A. Holbrook. 1916, Seventy cents.

Bulletin No. 89. Specifie Gravity Studies of Illinois Coal, by Merle L. Nebel.
1916. Thirty cents.

Bulletin No. 90. Some Graphical Solutions of Electrie Rallway Problems, by
A. M. Buck. 1916. Twenty cents.

Bulletin No. 91. Subsidence Resulting from Mining, by L. E. Young and
H. H. Stoek. 1916. None available.

*Bulletin No. 92. The Tractive Resistance on Curves of a 28-Ton Electrie
Car, by E. C. Schmidt and H. H. Dunn. 1916. Twenty-five cents.

*Bulletin No. 93. A Preliminary Study of the Alloys of Chromium, Copper,
and Nickel, by D. F. McFarland and O. E. Harder. 1916. Thirty cents.

*Bulletin No. 94. The Embrittling Action of Sodium Hydroxide on Soft Steel,
by S. W. Parr. 1917. Thirty cents.

*Bulletin No. 95. Magnetic and Other Properties of Iron:Aluminum Alloys
Melted in Vaeuo, by T. D. Yensen and W. A. Gatward. 1917. Twenty-five cents.

*A limited number of copies of bulletins starred are available for free distribution.
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\/*Bulletin No. 96. The Effect of Mouthpieces on the Flow of Water through

a Submerged Short Pipe, by Fred B Seely. 1917. Twenty-five cents.

*Bulletin No. 97. Effects of Storage upon the Properties of Coal, by S. W.
Parr. 1917. Twenty cents.

*Bulletin No. 98. Tests of Oxyacetylene Welded Joints in Steel Plates, by
Herbert F. Moore. 1917. Ten cents.

Circular No. 4. The Economical Purchase and Use of Coal for Heating
Homes, with Special Reference to Conditions in Illinois. 1917. Ten cents.

*Bulletin No. 99. The Collapse of Short Thin Tubes, by A. P. Carman, 1917.
Twenty cents. ,

*Circular No. 5. The Utilization of Pyrite Occurring in Illinois Bituminous
Coal, by E. A. Holbrook. 1917. Twenty cents.

*Bulletin No. 100. Percentage of Extraction of Bituminous Coal with Special
Reference to Illinois Conditions, by C. M. Young. 1917.

*Bulletin No. 101. Comparative Tests of Six Sizes of Illinois Coal on a Mi-
_ kado Locomotive, by E. C. Schmidt, J. M. Snodgrass, and O. S. Beyer, Jr. 1917.
Fifty cents.

*Bulletin No. 102. A Study of the Heat Transmission of Building Materials,
by A. C. Willard and L. C. Lichty. 1917. Twenty-five cents.

*Bulletin No. 103. An Investigation of Twist Drills, by B. Benedict and W.
P. Lukens. 1917. Sizty cents.

*Bullctin No. 104. Tests to Determine the Rigidity of Riveted Joints of Steel
Structures, by W. M. Wilson and H. F. Moore. 1917. Twenty-five cents.

Circular No. 6. The Storage of Bituminous Coal, by H. H. Stock. 1918.
Forty cents.

Circular No. 7. Fuel Economy in the Operation of Hand Fired Power
Plants. 1918. Twenty cents.
¥ *Bulletin No. 105. Hydraulic Experiments with Valves, Orifices, Hose, Nozzles,
and Orifice Buckets, by Arthur N. Talbot, Fred B Seely, Virgil R. Fleming, and
Melvin L. Enger. 1918. Thirty-five cents.
*Bulletin No. 106. Test of a Flat Slab Floor of the Western Newspaper Union
Building, by Arthur N. Talbot and Harrison F. Gonnerman. 1918. Twenty cents.
Circular No. 8. The Economical Use of Coal in Railway Locomotives. 1918.
Twenty cents.
V' *Bulletin No. 107. Analysis and Tests of Rigidly Connected Reinforced Con-
crete Frames, by Mikishi Abe. 1918. Fifty cents. :
v/ *Bulletin No. 108. Analysis of Statically Indeterminate Structures by the
Slope Deflection Method, by W. M. Wilson, F. E. Richart, and Camillo Weiss.
1918. One dollar.
Vv *Bulletin No. 109. The Pipe Orifice as a Means of Measuring Flow of Water
through a Pipe, by R. E. Davis and H. H. Jordan, 1918. Twenty-five cents.
*Bulletin No. 110. Passenger Train Resistance, by E. C. Schmidt and H. H.
Dunn. 1918. Twenty cents.

*A limited number of copies of bulletins starred are available for free distribution.
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*Bulletin No. 111. A Study of the Forms in which Sulphur Ocecurs in Coal, by
A. R. Powell with 8. W, Parr. 1919. Thirty cents.

*Bulletin No. 112. Report of Progress in Warm-Air Furnace Research, by
A. C. Willard. 1919. Thirty-five cents.

*Bulletin No. 113. Panel System of Coal Mining. A Graphical Study of Per-
centage of Extraction, by C. M. Young. 1919.

*Bulletin No. 114, Corona Discharge, by Earle H. Warner with Jakob Kunz.
1919. Seventy-five cents. .

" *Bulletin No. 115. The Relation between the Elastic Strengths of Steel in

Tension, Compression, and Shear, by F. B Seely and W. J. Putnam. 1920. Twenty
cents.

*A limited number of copies of bulletins starred are available for free distribution.
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